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Abstract—This paper presents a feasibility study on the design 
of piezoelectric MEMS lateral bulk acoustic wave resonators 
with particular reference to the thermal effect on the resonant 
frequency. This study compares the results obtained from both 
analytical models as well as finite element simulations with the 
temperature effects included. This comparative study has been 
carried out on resonators having a resonant frequency of 
around 19.5 MHz using two different Thin-Film Piezoelectric-
on-Substrate (TPoS) MEMS processes: the first process consists 
of a 1 µm PZT layer over an SOI structure having a thickness of 
5.5 µm, while the second process is the PiezoMUMPs MPW 
process consisting of a 0.5 µm AlN layer over an SOI structure 
having a thickness of 10 µm. Both the analytical and the finite 
element models indicate a frequency variation of 300 kHz over 
a temperature range of 273-573 K. Based on these results, a 
number of PiezoMUMPs resonator prototypes, including a 
thermal heating element, have been designed in order to explore 
the feasibility of fine tuning the resonant frequency using the 
thermal effect. The possibility of fine tuning can be applied to 
high precision timing circuits such as frequency counters. 
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I. INTRODUCTION  
 Lately micro-electro-mechanical system (MEMS) 
devices have significantly shown that they are a promising 
replacement for traditional solid state and mechanical 
components in radio frequency (RF) applications, due to their 
well-known advantages and performance advancements such 
as dimensional downscaling, which leads to a considerable 
size reduction [1]. By using silicon and fabrication techniques 
compatible with integrated circuit technology, MEMS 
mechanical components can be monolithically fabricated, 
leading to a complete smart system-on-chip [2].  
In MEMS resonators, the piezoelectric transduction 
mechanism is advantageous compared to its electrostatic 
counterpart. Capacitive MEMS resonators have been 
fabricated using a low acoustic loss material, such as single 
crystal silicon, which may reach frequencies in the GHz-range 
and exhibit high quality factors [3, 4]. However, in order to 
achieve low motional impedance, especially at high 
frequencies, high bias voltages are required in capacitive 
actuation. On the other hand, piezoelectric MEMS resonators 
exhibit a high electromechanical coupling coefficient and can 
therefore operate at a lower voltage [3, 5, 6].  The operating 
principle of a piezoelectric resonator is the reciprocal 
conversion of the electrical polarization and mechanical stress 
which takes place in specific crystalline materials known as 
piezoelectric materials [7, 8]. Zinc oxide (ZnO) and lead 
zirconate titanate (PZT) were the preferred materials used in 
piezoelectric MEMS until aluminium nitride (AlN) became 
more commonly employed [6]. AlN is a CMOS compatible 
chemically stable material with high stiffness, which is an 
excellent acoustic material property. Furthermore, AlN 
exhibits a large bandgap of around 6.1 eV at room 
temperature. Therefore, it is a good dielectric material up to 
high temperatures with a very high melting point of around 
2,470 K [11]. 
There are two types of thin-film piezoelectric micro-
resonators. One uses the thin-film piezoelectric layer to 
function as a transducer to generate or sense the acoustic 
waves in a secondary substrate material such as silicon. These 
devices are called thin-film piezoelectric-on-substrate (TPoS) 
resonators, and can clearly benefit from the suitable choice of 
the substrate material to have optimized resonator’s 
specifications such as the quality factor and linearity [7, 9]. 
The second type of micro-machined piezoelectric resonator 
employs the piezoelectric film both as the transducer and as 
the acoustic medium. These resonators make use of a 
sophisticated thickness-mode film bulk acoustic resonator 
(FBAR) technology [7, 10].  
Single crystal silicon in resonators can be 
piezo-electrically transduced such that they are made to 
operate in their lateral bulk modes [13].  This paper presents 
the design and analysis of two types of TPoS MEMS 
resonators using PZT and AlN, which are made to resonate in 
the lateral bulk acoustic mode (LBAW). PiezoMUMPs is a 
type of TPoS MEMS that offers a reliable standard process 
and consists of a 0.5 µm layer of AlN above a 10 µm SOI 
(silicon on insulator) layer. The process starts with an SOI 
wafer, which consists of a stack of handle wafer (fixed 
400 µm), buried oxide, and device wafer. Two metal layers, 
one for the bond pads and one for the drive and sense 
electrodes, are included in the standard MPW process [12]. 
Both the PZT-based MEMS (PZTMEMS) and the 
PiezoMUMPs processes have been considered in this paper, 
and were used to implement two modified designs based on 
the work reported in [3]. Resonator parameters such as the 
resonant frequency, quality factor and temperature variation 
effects (over a temperature range from 273 K to 573 K) have 
been evaluated using finite element methods (FEM) 
techniques. The temperature effect on the resonant frequency 
has also been evaluated analytically and the results were 
compared to those derived from FEM. The operation of the 
resonators has been investigated when operating in the first 
and third lateral resonance LBAW modes. The FEM software 
package used in this work is CoventorWare. Since it is very 
important to have low insertion losses, and a high-quality 
factor, the effect of temperature variation on the optimum 
quality factor was also investigated. Different prototypes 
designed using the PiezoMUMPs process were sent for 
fabrication. The designs include an in-built metal heating 
element, in order to study the feasibility of thermal tuning of 
these resonators. 
II. BACKGROUND THEORY  
A. Resonant Frequency and LBAW mode 
In the LBAW mode, the piezoelectric thin film and the 
nodal points of the fundamental length extensional resonance 
mode are clamped at the middle point of the film. When an 
electric field E3 is applied through the thickness, a strain field 
S1 in the lateral path will be excited according to [14]: 
 
𝑆ଵ = 𝑑ଷଵ𝐸ଷ 
 
(1)  
where d31 refers to the piezoelectric charge constant 
responsible for generating a strain field orthogonal to the 
electrical field. This kind of piezoelectric resonator has a 
resonant frequency f, which can be estimated using the in-
plane geometry. For a rectangular mechanical resonator, by 
considering its isotropic elastic properties in a mass-spring 
damper system model, f can be estimated by [3]: 
 
𝑓 =
𝑛
2𝐿
𝐾௖ඨ
𝐸௘௙௙
𝜌௘௙௙
=
1
2𝜋 ඨ
𝑘௘௙௙
𝑚௘௙௙
 
 
(2) 
 
where n is the mode number, L is the resonator’s length, 
Eeff is the equivalent unidirectional elastic modulus and ρeff is 
the density of the resonator stack. The coefficient Kc is an 
empirically introduced correction factor. Parameters keff and 
meff are the effective stiffness and mass of the mechanical 
vibrating system.   
 
B. Material Properties and Temperature Effect 
In order to achieve a successful MEMS design and obtain 
accurate simulation results, the material properties have to be 
well understood and characterized. In particular, the 
mechanical behavior of MEMS devices is best understood by 
studying its material properties and key parameters, such as 
density, Young’s modulus and device geometry. In addition, 
it is also important to study how all these parameters vary with 
temperature and their effect on the functionality of the MEMS 
device [14]. The variation of the Young’s modulus E of silicon 
with temperature T is described by [15]: 
 
𝐸 = 𝐸଴ − 𝐵𝑇𝑒
ି ೐்
்  (3) 
where E0 is the Young’s modulus at 0 K while B and Te 
are positive temperature independent constants. Theoretical 
studies and measurements have also been performed over the 
length of silicon cantilevers under the effect of a range of 
temperature values. These show that the density of silicon ρ is 
inversely proportional to (1 + α∆T)3, and geometrical 
variations in the thickness t and the length L will also take 
place due to thermal expansion and these are proportional to 
(1 + α∆T) [16], where α is the thermal expansion coefficient 
of the material. In lateral mode, only the length L is considered 
in the equation. The density variation with temperature is thus 
given by: 
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   (4) 
and the variation of the length with temperature can be 
modelled by:  
 
𝐿(𝑡) = 𝐿଴൫1 + 𝛼(𝑇 − 𝑇଴)൯  
                        
(5) 
where ρ0 and L0 are measured at the reference temperature T0. 
III. ANALYTICAL AND SIMULATION RESULTS 
A. Analytical Results 
An analytical equation for the resonant frequency 
variation with temperature was derived and takes into 
consideration variations in the geometry, density and Young’s 
modulus of the resonator. This is given by: 
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(6) 
where డ௙
డ்
 is the partial differentiation of equation (2). In 
addition, equations (3) to (5) have also been used, while 
considering a temperature range from 273 to 573 K. Values 
for silicon of E0 = 167.5 GPa, ρ0 = 2.330 x 103 kg/m3, 
B = 15.8 MPa/K at a nominal temperature T0 = 317 K were 
considered [14, 15]. Fig. 1 shows the variation of the Young’s 
modulus of silicon with temperature. This relationship is 
almost linear and can be modelled by:   
 
𝐸 = 169760 − 12.919𝑇  
                        
(7) 
where E is given in MPa. This equation was used in verifying 
the finite element modelling and simulation of the designed 
resonator. 
 
Fig. 1 Variation of the Young’s modulus of silicon with temperature. 
A plot of the variation of the resonant frequency with 
temperature is presented in Fig. 2 and was obtained using the 
analytically derived equation with a correction factor Kc = 1. 
 
 
Fig. 2 Variation of the first mode resonant frequency with temperature as 
predicted by the derived analytical equation with Kc = 1. 
 
B. Design and Simulation Results 
 Two resonators were designed using the PZTMEMS and 
PiezoMUMPs processes and simulated using the finite 
element method (FEM) in CoventorWare. Both designs were 
based on the same geometry and feature a length of 216 µm 
and a width of 100 µm. However, the designs have a different 
piezoelectric material type and thickness and SOI thickness. 
The first design has 1 µm of PZT and 5.5 µm of SOI layer, 
while the second one has a thickness of 0.5 µm of AlN and 
10 µm thickness of SOI layer. Fig. 3 presents the mesh used 
for simulating the variation of the resonant frequency with 
temperature. Both resonators were simulated using MemMech 
with the same Manhattan brick mesh type having a size of 
5 µm by 5 µm by 2 µm. The natural resonant frequency for 
the first mode was found to be 19.650 MHz for PZTMEMS 
resonator and 19.807 MHz for PiezoMUMPs resonator at 
273 K.  
 
 
Fig. 3 Mesh used for simulating the resonant frequency versus temperature 
change for the PiezoMUMPs process. 
 
      Fig. 4 shows the first mode lateral vibrational deformation 
of the PiezoMUMPs resonator, with a resonant frequency of 
19.827 MHz, when considering only the SOI layer. 
 
C. Temperature Variation Effect on SOI layer using FEM 
The effect of temperature variation from 273 K to 573 K 
for the different SOI thickness of the two processes (10 µm 
for PiezoMUMPs and 5.5 µm for PZTMEMS), was initially 
studied by considering only the SOI layer. Using the linear 
approximation of Young’s modulus value of silicon based 
on (7), the temperature variation was evaluated by applying a 
T-fixed boundary condition on the SOI layer. The next section 
presents a comparison between the analytical and the FEM 
results obtained for the PiezoMUMPs resonator considering 
the SOI only. 
 
 
 
Fig. 4 First mode lateral vibrational deformation of the designed 
PiezoMUMPs resonator. 
 
D. Comparison of Analytical and FEM Simulations Results 
A temperature variation from 273 K to 573 K was assumed 
while simulating the PiezoMUMPs and the PZTMEMS 
resonators and considering the SOI layer only. Results for first 
resonating mode are compared to those obtained from the 
analytical model. Fig. 5 shows the linear decrease in resonant 
frequency with an increase in temperature, for both the 
analytical and FEM results obtained for the two resonators. 
Using the empirically derived correction factors, the resonant 
frequencies determined by the analytical and FEM techniques 
were made to be equal at a reference temperature of 
T = 323 K. The correction factors Kc1 and Kc2 were found to 
be 1.005 and 1.015, for the PZTMEMS and PiezoMUMPs 
processes respectively when only the SOI layer was 
considered in the FEM simulations. It is evident that with the 
introduced correction factors, both the analytical and FEM 
results follow each other over a wide temperature range. This 
means that the temperature effect on resonant frequency can 
be efficiently evaluated using the corrected analytical 
equation. 
 
Fig. 5 Comparison between the FEM and analytical results for the variation 
of the resonant frequency with temperature.  
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E. Temperature Variation Effect on the PZTMEMS and 
PiezoMUMPs Resonators 
1) Accurate Resonant Frequency FEM Modeling 
         A more accurate FEM analysis for both the 
PZTMEMS and PiezoMUMPs resonators was carried out 
including all material layers over a temperature change from 
273 K to 573 K.  A comparison of the FEM results when only 
the SOI layer is considered and when all layers are included 
was carried out and the results are shown in Fig. 6 for the 
PZTMEMS and Fig. 7 for the PiezoMUMPs process. For the 
PZTMEMS resonator, a difference of around 3 MHz in the 
first mode resonant frequency between the corresponding 
FEM results can be noticed. However, in the case of the 
PiezoMUMPs process, the corresponding FEM results are 
much closer. This can be explained by the fact that the ratio of 
the SOI to piezo layer thickness in the case of the 
PiezoMUMPs process is 20, while that of the PZTMEMS 
process is 5.5. This means that the piezoelectric film in the 
PZTMEMS process has a larger effect on the resulting 
resonant frequency and cannot be ignored in the FEM 
simulations.  
 
 
Fig. 6 Comparison of the variation of the first mode resonant frequency with 
temperature for the PZTMEMS resonator when only the SOI layer is included 
and when all layers are included.  
 
Fig. 7 Comparison of the variation of the first mode resonant frequency with 
temperature for the PiezoMUMPs resonator when only the SOI layer is 
included and when all layers are included.  
2) Quality Factor 
        The overall quality factor (Qtotal) of such resonators can 
be estimated from their total loss including the air 
damping (Qair), thermo-elastic effects (QTED), anchor losses 
(Qanchor) and other electrical and intrinsic material 
losses (Qother)  [3]: 
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    The work in [3] has shown that TPoS MEMS resonators are 
less sensitive to air damping losses, and the magnitude of QTED 
decreases with temperature. In addition, the anchor losses 
have a significant effect compared to thermo-elastic and air 
damping effects at room temperature [3]. In this work, only 
the anchor losses were investigated for both designed 
resonators. Over a temperature range from 273 K to 573 K, 
the anchor loss simulation results show that the PZTMEMS 
process has a significantly higher quality factor than the 
PiezoMUMPs at the third mode resonant frequency. The 
corresponding values for QAnchor simulated at 273 K are 
187,000 and 300 for PZTMEMS and PiezoMUMPs 
respectively. The change in the quality factor over the 
considered temperature range is relatively small and it was 
found to be 1.03% for PZTMEMS and 2.18% for 
PiezoMUMPs. This means that fine thermal tuning of the 
resonators can be carried without significantly affecting the 
quality factor. 
IV. PROTOTYPE FABRICATION  
A number of PiezoMUMPs resonators with different 
topology have been designed and are currently being 
fabricated. Some of these prototypes include a surface 
heating element. Both single port and dual port designs were 
considered. These prototypes will be eventually characterized 
by applying a potential difference to the drive electrodes in 
order to examine the coupling behavior of the piezoelectric 
layer, and also evaluate the feasibility of thermal tuning. Such 
tuning mechanism can be useful in order to compensate for 
process variations in high precision timing applications. 
Fig. 8 shows one of the two-port 250 µm by 350 µm 
prototype designs, which includes a heating element for fine 
tuning of the resonant frequency.  
V. CONCLUSION 
An analytical and FEM study of the effect of temperature 
variation on the resonant frequency of RF-MEMS resonators 
was presented in this paper. Two different MEMS resonators, 
designed using the PZT-based MEMS and PiezoMUMPs 
processes respectively, were used to simulate and quantify 
the impact of temperature change on their resonant frequency 
and quality factor. Both the analytical and FEM results show 
that these resonators have an almost linearly decreasing 
resonant frequency with an increase in temperature. The FEM 
simulations have also shown that the quality factor of the 
designed resonators, varies minimally over a wide 
temperature range. This means that thermally fine tuning the 
resonant frequency is feasible without affecting the quality 
factor. 
 
Fig. 8. Two-port resonator including a surface heating element designed using 
the PiezoMUMPs process. 
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